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Fabrizio Tamburini, Filippo Romanato, Piero Coassini and Giuseppe Parisi 


Abstract —A short range experimental communication system, 
based on Orbital Angular Momentum (OAM) multiplexing, is 
presented. We characterize circular arrays of patch antennas 
designed to transmit and receive OAM electromagnetic fields, 
reporting new results on communication links based on such 
antennas. We also experimentally study the antennas tolerance to 
misalignment errors (angular tilt and lateral shift) within which 
OAM multiplexing can be efficiently exploited. Starting from 
these results, we finally propose an application to short range 
communications of OAM-based systems that can lead to a high 
level of security in the information exchange. 

Index Terms —orbital angular momentum, communication, 
radio 

I. Introduction 

Electromagnetic (EM) fields can carry not only energy, 
but also spin angular momentum and orbital angular mo¬ 
mentum (OAM) m. The properties of OAM have attracted 
an increasing interest in different research fields in the last 
two decades Q, bringing to several applications in applied 
physics ED, SI, 0- Recently, the study of OAM has been 
extended also to radio domain m, in particular, to radio 
telecommunication for the possibility of implementing channel 
multiplexing and frequency reuse, as demonstrated in optics 
CD In fact, OAM waves do not interact during propagation 
in a homogeneous medium, i.e., they form an orthogonal 
set of propagating modes E). The exploitation of OAM in 
communication links 0, IMl has opened a discussion about 
the actual possibility of overcoming some constraints, like 
the effect of OAM modes propagation or the misalignment 
between transmitting and receiving antennas iFTl . This de¬ 
bate is restricted to long-distance transmission. Whereas, no 
particular restrictions on the use of OAM waves on short 
distances are evident. So, in near-field range, OAM modes 
could represent a way to implement channel multiplexing and 
their natural orthogonality would simplify signals processing. 
Also, OAM modes could implement a multi-channel high- 
rate data link with low complexity processing and wireless 
applications for communicating within a data center or within 
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a server farm. The study of such applications is fairly recent. 
Some authors started with theoretical analysis, looking in 
particular at the systems performances and limitations [121, 
m. Other authors performed communication experiments 
exploiting optics techniques at millimeter waves m 

In this context, we present a short range OAM based com¬ 
munication system implemented by means of circular arrays 
composed by patch antennas. Circular arrays have already 
been considered in literature but only as OAM generators m, 
m. At the best of our knowledge, this is the first experi¬ 
mental test in which patch arrays are used for communication 
purposes. 

More in detail, after this introduction, Section II reports a 
short theoretical frame on OAM waves and antennas proper¬ 
ties. Section III describes the arrays designed for the multi¬ 
plexing system, Section IV is dedicated to the communication 
tests and the obtained results while Section V examines an 
application of OAM waves to enhance the security level of 
communication systems. Finally, the last section draws up the 
major conclusions, underlying the most relevant aspects of this 
work. 

II. Background 

EM waves carrying OAM are characterized by a spiral 
phase front and by a doughnut-shaped intensity profile. In 
general, considering a cylindrical reference system (p, 0, z), 
an OAM field at 2 = const, can be described as Ei(p, </>) = 
A(p) exp (i£(j)) where A(p) is the amplitude factor, £ e Z is 
the OAM value and k the wave-number. The term exp (i£(p) 
describes the spiral phase front of the field and denotes the 
presence of a central screw phase singularity fTTi responsible 
for the field central intensity minimum. Due to diffraction 
effect, the size of this minimum increases during propagation. 
For this reason, it is fundamental to use a device of suitable 
size to collect the whole field at a certain distance from the 
source. 

OAM waves can be generated and detected by several 
devices nm . cm m, ED Among all, circular antennas 
arrays are particularly interesting because of their versatility. 
For generating an OAM mode with topological charge equal 
to ±£ the antennas are fed with the same signal, but then 
delayed relative to each other so that the phase is incremented, 
in a turn, by ±2tt£. In other words, the overall phase between 
successive antennas is increased by 2tt\£\/N, where N is the 
number of antennas on a circle around the beam axis, in a 
clockwise {-£) or counter-clockwise (+£) direction. Recall that 
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Fig. 1. Overview of the experimental setup. From left to right: Vector Network Analyzer (VNA), Rx array and Tx array with their Beam Forming Networks 
(BFN). Tx array is mounted on the Computer Controlled Rotator (CCR). Left and right insets: Wilkinson power divider and the array structure, respectively. 


the generation of an OAM mode of order \£\ needs an array 
composed by a proper number of antennas: N > 2|l| + 1 lf6l. 
Otherwise, the beam phase distribution will be under-sampled, 
according to Nyquist theorem. By using circular arrays it is 
also possible to control the angular direction of the main lobe 
of the field, and the secondary lobes distribution by acting on 
the array radius ll22l . 

Circular arrays composed by elementary dipoles 0, patches 
[ 231 ], 1241 or Vivaldi antennas [25], have been simulated for 
OAM generation. A patch array prototype has also been 
tested at the frequency of 2.5GHz li26) but never used in a 
communication system. 

III. Experimental Setup 

In our experimental setup, to generate and receive OAM 
modes, we use two circular arrays, each composed by 9 
patch antennas. One patch, placed at the center of the array, 
generates or receives the £ = 0 mode, whereas eight patches 
evenly spaced along a circle are equipped for £ = ±1 modes. 
Each patch is fed through a coaxial cable, linked with a 
SMA connector. The length of each cable is calculated in 
order to produce the exact phase delay of the feeding signal, 
defined by the desired OAM mode. The coaxial cables are 
then connected to the outputs of a Wilkinson power divider, 
which equally splits the input mode signal. The set of cables 
with the Wilkinson power divider form the so-called beam 
forming network (BFN). An overview of the system can be 
observed in Fig. [T] To generate the £ = ±1 modes, the coaxial 
cables connected to the patches of the circular array have been 
properly tailored, in order to induce a phase delay of 45° 
between each pair of consecutive antennas. So, it is possible to 
induce a cumulative azimuthal phase delay to the transmitted 
field in a left-handed or right-handed direction, bringing to the 
generation of £ = ±1 modes, respectively. 

We designed and optimized the entire array, starting from 
single patch, of 19.58mm width and 13.07mm height, which 
has been analyzed by means of a FEM code to operate at 
frequency of 5.75 GHz. Patches are realized on a ceramic 
copper substrate (Isola IS680-345) with a thickness of 0.75mm 
and dielectric constant e = 3.45. The connector pin feed is 
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Fig. 2. 

A) Example of Su measurement of a single patch. At the 


resonance frequency of 5.72GHz Su = — 30.3dB. B) Example of cross- 
talking measurement (Si 2 ) between the central patch of the array and the 
one on its left. At the working frequency of 5.72GHz Si 2 = —30.1dB. 


centered on the non-resonant side of the patch and distant 
3.57mm from the lower edge. We characterized the patch 
antennas by using a Vector Network Analyzer (VNA), by mea¬ 
suring the proper ^-parameters. Su measurements allowed to 
observe that the patches resonant frequency is located at 5.75 
GHz =1= 30 MHz. Moreover, the Su values at the working 
frequency are below — 15dB, thus providing a good match of 
the 50 Q, line impedance. A measurement example is reported 
in Fig. [2j\. 

As briefly reported, eight patches, dedicated to the gen¬ 
eration of the £ = ±1 OAM modes, are equally angularly 
disposed along a circumference with a radius of 40mm. With 
this choice, the patch cross-talking value (Sij where i 7 ^ j 
are patch indexes) is predicted to be lower than — 20dB. 
Measurements confirmed that the designed array satisfies this 
constrain, as required. An example is reported in fig. [2^ where 
a cross-talking diagram is shown. 

A detailed list of the cables characteristic parameters are 
reported in Tab. |T| First column labels the it h cable with i = 
1,..., 8 . Second and third columns contain the module and 
phase of the S21 parameter, respectively, describing the input- 
output relation of each cable. The fourth column reports the 
phase delay difference between two consecutive - ith and (i + 
l)th - cables. Phase differences are equal to 45° =b 1°. This 
result is, indeed, suitable for the generation of £ = ±1 OAM 
modes. 

As already mentioned, the second component of the BNF is 
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TABLE I 

A CABLE SET CHARACTERIZATION 


Cable ID 

1^21 1 

ZS 21 

AZS 21 

1 

0.41 

117 

44 

2 

0.43 

161 

46 

3 

0.43 

-153 

45 

4 

0.40 

-108 

45 

5 

0.42 

-63 

44 

6 

0.43 

-19 

46 

7 

0.41 

27 

45 

8 

0.41 

72 

45 


the Wilkinson unit, composed by 8 -line power splitter layout 
(see inset of Fig. [l}. As first step, it has been designed and 
optimized by means of FEM simulations at the same working 
frequency of the cables, i.e., 5.75 GHz. Then, the structure has 
been realized on the same laminate used to built the patch. 
The input-output lines of the divider are 1.7mm wide in order 
to realize an impedance of 50 the connectors used are of 
SMA type. Again, by using the VNA, we measured the S- 
parameters. The resulting intensity of Sgg, evaluated at the 
input port of the Wilkinson dividers, is lower than — 18dB for 
a 100 MHz bandwidth, around the working frequency. Tab. [II] 
reports measured Sig parameters, with i = 1 ,..., 8 labeling the 
i-th divider output line. Second and third column of the table 
refers to Tx divider, whereas fourth and fifth column to Rx 
one. The results show that Wilkinson systems equally divides 

TABLE II 

Characterization of two Wilkinson power divider 


OUT 


|S i9 | 

Z^ 9 


|Si9| 

Z SiQ 

1 


-11.4 

140 


-11.0 

141 

2 


-11.6 

141 


-11.1 

140 

3 


-11.8 

140 


-11.4 

139 

4 


-11.5 

142 


-11.2 

141 

5 


-11.4 

143 


-10.9 

140 

6 


-11.3 

144 


-10.9 

141 

7 


-11.0 

144 


-11.0 

139 

8 


-11.0 

143 


-11.2 

138 


(recombine) the transmitted (received) signal both in amplitude 
and phase, with tolerances of ±0.4dB and ±3° respectively. 
The BFN at the Tx side was built up by connecting the i-th 
cable with the i-th divider output line. The same operation is 
made for the realization of the BFN at the Rx side. 

IV. Experimental results 

We performed several experiments, using the described 
patch arrays. First, we generated OAM beams with £ = ±1 
and then we implemented an OAM-based communication link 
at short range. 

A. Maps 

First experiments consisted in the generation of a £ = 1 
and £ = —1 modes with our patch arrays described in the 
previous section. Each array, one at a time, was mounted as 
transmitter on a computer controlled rotator (CCR), moving 
along a spherical surface, both in elevation and azimuth, with 
a resolution of 0.5°. On the receiving side, a single patch 
antenna was placed at 0.15m distance, in order to probe the 


generated field. The input of the BFN at the Tx side was 
connected to the first port of a VNA, set to measure the S21 
parameter at the frequency of 5.75GHz, and the probing patch 
to the second one. The VNA was set to transmit a dummy 
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Fig. 3. Electric field generated by a 8 patches circular array configured to 
produce a £ = +1 OAM beam. Measurement (A) and simulation (C) of the 
normalized intensity distribution. Measurement (B) and simulation (D) of the 
phase distribution. 
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Fig. 4. Electric field generated by a 8 patches circular array configured to 
produce a £ = — 1 OAM beam. Measurement (A) and simulation (C) of the 
normalized intensity distribution. Measurement (B) and simulation (D) of the 
phase distribution. 

sinusoidal signal of OdBm power. All the measurements were 
performed in free space and collected into 2D maps. The 
experimental results have been compared with numerical FEM 
based simulations. Two examples of simulated and measured 
maps, of £ = 1 and a £ — — 1 beam, are reported in Fig. [3] 
and [4] respectively. 
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Azimuth and elevation values reported on the map axis 
correspond to the coordinates of the CCR on which the Tx 
array is mounted. So, the center of the map corresponds to the 
configuration in which the transmitting and receiving antennas 
are aligned. 

A good match between the expected fields and the measured 
ones is found. In fact, the experimental fields are character¬ 
ized by a well defined doughnut distribution and the beam 
phase presents the characteristic vortex shape with the central 
singularity. Vortices turn in clockwise or counterclockwise 
direction, according to the negative or positive OAM value, by 
convention. We calculated, by applying Friis equation [27| to 
experimental results, a maximum gain of about 10.5 dBi both 
for £ = 1 and a £ = — 1 modes radiation patterns, in good 
agreement with FEM simulations prediction of about lldBi. 

We have also calculated the OAM content carried by the 
experimental fields. For this purpose, we applied the spiral 
spectrum algorithm f28l which consists in the projection of 
the EM field on spiral harmonics, (exp (i£<fi) terms), similarly 
to a Fourier transform. The spectra of the measured fields are 
shown in Fig. [5] 
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Fig. 6. Normalized intensity (A), (C), (E) and phase (B), (D), (F) distributions 
of a i = +1 OAM beam generated by arrays composed by 8, 4 and 2 patches, 
respectively. The patches position is represented, both on amplitude and phase 
maps, with superimposed gray rectangles. 


Fig. 5. Spiral spectrum decompositions of the OAM field generated by 
circular arrays. (A) spectrum of the t = +1 field shown in Fig. [3] (B) 
spectrum of the t = —1 field shown in Fig. [4] The fundamental harmonic, in 
both cases, carries 90% and 85% of total fields energy, respectively. 

As reported, the fundamental azimuthal harmonics carry 
90% and 85% of total energy in correspondence of the i = 1 
and i — — 1 mode, respectively. Small field imprecisions 
generate the spurious OAM modes reported in Fig. [5] This 
spectra confirm the good quality of the generated OAM modes. 


The most important aspect to be stressed is that the phase 
singularity is present only when the sampling theorem is 
satisfied. In fact, the antennas number, N a , has to satisfy the 
condition N a > 2\£\ + 1, which corresponds to N a > 3 for 
generating an £ = +1 mode. For this reason in Fig. [6jD, 
corresponding to the under sampled case N a = 2, the phase 
singularity is not longer present. So, when N a < 2, the number 
of active elements is not enough to reproduce neither intensity 
nor phase profile of an £ = 1 OAM mode. 


B. OAM modes synthesis robustness 

The second series of experiments tested the dependence of 
the generated OAM fields on the number of radiating patch 
antennas. First of all, we sampled and observed an £ = 1 
field generated by eight radiating elements. In subsequent 
experimental steps the patch antennas were progressively 
disconnected one at a time up to only one connected antenna. 
Patch antennas were switched off by disconnecting the feeding 
coaxial cables. In order to prevent impedance mismatch at 
the Wilkinson output, the corresponding coaxial cables were 
connected to a 50f£ dummy load. 

Fig. [6] reports some meaningful examples of the field 
distributions, both in amplitude and phase, generated by array 
configurations with an even number of patches. 

The arrangement of the active patches has been super¬ 
imposed to each figure of the amplitude field distribution. 


C. OAM Communication 

Here we report the experimental results of a communication 
system based on the mutual orthogonality of OAM states. 

We briefly recall, in terms of geometrical properties, how the 
orthogonality plays a role in the OAM communication. When 
an OAM antenna, (in our case an array and the corresponding 
BFN), is used in the reception side, it behaves as an inverse 
phase antenna, because of the change of propagation direction 
f8l . In particular, our Rx OAM antenna imparts to the received 
mode, an azimuthal phase delay exp(=Fi|^|0*), being fa the 
angular position of the i-th patch element with i = 1 ,..., 8 , 
opposite to that it would impart if used as in transmission. 
Since the normal vector of the Rx array plane is opposite to the 
propagation axis of Tx one, an incoming field with left-handed 
(right-handed) topological charge is sampled in a right-handed 
(left-handed) way by the Rx array elements. In other words, a 
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transmitting £ = +1 antenna receives like a £ = — 1 one. As a 
consequence, the output field of the receiving OAM antenna 
is characterized by the topological charge of the impinging 
beam, plus the topological charge of the antenna in reception 
mode. 

In order to test an OAM-based communication, a system 
has been assembled with the same setup used for producing 
the maps presented in the previous sections. The Tx array was 
mounted on the CCR while the Rx one was fixed at a distance 
of 0.5m from Tx. The VNA, connected to the input and output 
ports of the BFN at Tx and Rx side, respectively, measured 
S 21 parameter, both in amplitude and phase. We evaluated the 
channel gain for each position of the Tx array. Resulting data 
are reported on 2D maps. 

In the first test, a transmitting £ = +1 antenna communi¬ 
cates with an identical receiving one {£ = — 1 in reception 
mode, according to the change of propagation direction). In 
other words, the Tx array was pre-coded by means of its BFN 
to produce a £ = +1 mode while the Rx antenna acted in order 
to impart to the received field an opposite azimuthal phase 
delay exp(— i\£\(j>i). In this way, the BFN at the receiving 
side acts destructively on the azimuthal phase carried by the 
transmitted field and reset to zero the transmitted topological 
charge from i? = +ltot? = 0. An analogous behavior presents 
a £ = — 1 antenna that acts in pair with an identical £ = — 1 
one 

Both intensity and phase distribution of Fig. [7] and Fig. [8] 
resembles a standard £ = 0. These results prove that two array 



85 90 95 100 105 110 85 90 95 100 105 110 

Azimuth (deg) Azimuth (deg) 


Fig. 7. Normalized intensity (A) and phase (B) distributions of the electric 
held produced by a t = +1 wave received by means of a i = — 1 circular 
array. As expected, the topological charge of the t = +1 wave is reset to 
zero by the receiving array: £ W ave + fitx = +1 — 1 = 0. 
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Fig. 8. Normalized intensity (A) and phase (B) distributions of the electric 
held produced by a t = —1 wave received by means of a t = +1 circular 
array. As expected, the topological charge of the i = —1 wave is reset to 
zero by the receiving array: £ wa ve + fitx = —1 + 1 = 0. 

of patch antennas designed for the same OAM topological 
charge can efficiently communicate one to each other. 


As second test, the Tx array set to produce a £ = +1 
operates in pair with an opposite one, i.e., a patch array with 
BFN set to produce a £ = — 1 that acts in reception mode as a 
£ = +1, as stated above. The behavior of the communication 
system is significantly different, because the received twisted 
field is transformed into an £ — +2 beam, (see Fig. [5]). 
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Fig. 9. Normalized intensity (A) and phase (B) distributions of the electric 
held produced by a l = 1 wave received by a t = +1 circular array. An 
increase of the topological charge of the transmitted held is observed (t+ave + 
^Rx = +1 + 1 = +2). 


In this case, based on the action of the BFN at the Rx side, 
the resulting azimuthal phase delay induced to the transmitting 
mode is doubled. Hence, the distribution, both in intensity 
and phase, can be attributed to an £ = 2 mode. The split of 
singularities, visible in Fig. [9] is due to small imprecision in 
the experimental setup, as observed in a vast literature when 
generating high order OAM modes |[29l . In our experimental 
setup, deviations are mainly caused by inaccuracies of the 
arrays and uncertainties on the feeding lines of the patch 
antennas. In fact, the feeding signals are affected by little 
errors in amplitude and phase, as reported in Tab. m of the 
previous section. Even if these errors are very small, the field 
patterns generated by Tx array are not perfectly balanced. 
Moreover, the signal received by the patch antennas of Rx 
array is not equally recombined. 


D. Tolerance with respect to ideal position 

The fourth series of experiments shows how the OAM- 
based communication is sensitive to lateral shift and to angular 
tilt between the plane of the transmitting array and that 
of the receiving one. For this purpose, we developed two 



Fig. 10. Outline the Tx array movements: (A) translation and (B) tilt, d 
represents the distance between Tx and Rx arrays while d y and a represent 
the translation and tilt offsets, respectively. 


experimental tests. First, we tested the system tolerance to 
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a lateral shift of the transmitting array, (see Fig. [10}\). We 
measured the power of £ = 0 and £ — \ modes, transmitted 
one a at time at different shifted position with respect to the 
perfect alignment, and received by a £ = 0 antenna. The i — 1 
mode was generated by 8 patch antennas, pre-processed by 
means of a proper BFN, while the central single patch antenna 
generated the standard £ — 0 beam. Both the £ = 0 and £ = 1 
modes were fed and piloted by a signal switch connected, in 
turn, to the first port of the VNA. 

These two modes were received by a single patch antenna, 
connected to the second port of the VNA. The instrument was 
set to measure the S 21 parameter. Tx and Rx antennas have 
been positioned face to face at 0.15m distance. Rx array was 
kept fixed, while the Tx one was bound to translate along a 
ruler parallel to the Rx array (see Fig. ED- At each translation 
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Fig. 12. Measured and simulated power ratio as function of translated 
position d y . Blue lines: power ratio between £ = 1 and £ = 0 transmitted 
modes when received by an £ = 1 antenna. Red lines: power ratio between 
£ = 0 and £ = 1 transmitted modes when received by a £ = 0 antenna. 



Fig. 11. Experimental setup for the evaluation of the tolerance with respect 
to a lateral shift of the Tx array. The ruler, used to measure the translation 
shift is visible on the bottom side. 

step we transmitted, by acting on the switch at Tx side, once 
the £ = 0 mode once the £ = +1 one. In this way, the receiving 
single antenna probed powers alternately coming from the two 
transmitted modes. We calculated the power ratio between an 
£ = 0 and £ = 1 modes, i.e., the power ratio between the 
mode identical to the one used in reception and the one with 
different OAM value. Fig. |T2] 4 (red line) reports the power 
ratio between £ = 0 and £ = 1 as function of lateral shift. 

The entire procedure was repeated replacing the receiving 
single antenna with an £ = 1 array, which imparts an 
azimuthal exp(— i£4>i) phase delay to the received modes. As 
a consequence, in this case, we calculated the power ratio 
between an £ = 1 and an £ = 0 mode. Fig. [l2j\ (blue 
line) reports this value for different positions. Both lines in 
Fig. []~2ft are characterized by a single central maximum that 
corresponds to the perfect alignment between Tx and Rx 
arrays. This confirms the importance of the alignment for an 
optimal modal isolation. The curve maximum of the £ = 1 
channel is higher than the £ = 0 one. This is caused by the 
different number of active antennas (8 for the £ = 1 mode 
and one for the £ = 0 mode). Both lines present steep edges: 
a little translation, with respect to the alignment position, is 
sufficient to cause high degradation of the power ratio. In 
particular, in our experimental conditions, it is sufficient 1 cm 
shift to significantly enhance a modal interference with a drop 
of about lOdB in the power ratio. 


For the sake of completeness, we have also simulated 
these communication experiments by means of a numerical 
MIMO based model [30] (see the Appendix). Simulations 
have been performed taking into account the amplitude and 
phase errors on the patch feeding signals, reported on Tab. m 
The simulated results are reported in Fig. [T 2 ft. A good match 
between the experimental results and the simulations is seen. 
In particular, curves behavior, positions of each maximum, 
minimum and inflection points are coincident with a good 
approximation. On the contrary, a little discrepancy about the 
peaks values is shown. This deviation can be mostly explained 
by the mathematical model applied for the simulations. In 
fact, the simulated arrays are composed by elementary point¬ 
like antennas and by loss-free BFN. As a consequence, the 
energy dissipation of a realistic BFN and the coupling between 
patches and EM fields are not considered. Another contribution 
to the discrepancy is given by the manual translation of the 
arrays, which leaded to a position uncertainty of about 0 . 2 mm. 

A second set of experimental tests was performed in order 
to evaluate the sensitivity of an OAM-based communication 
system to the angular tilt between Tx and Rx arrays, (see Fig. 
|T0ft). In Fig. [13] we show the Tx antenna, connected to the 
switch and fixed to the CCR. The antenna transmitted once 
the £ = 0 mode and alternately the Z = +1 mode only. We 
calculated again the power ratio between the mode identical to 
that used in reception and the one with different value of OAM, 
for the receiving antenna set once to £ = 1 and once to £ = 0 . 
These values were collected in function of the tilting angle of 
the Tx array. Fig. [14] shows the experimental and simulated 
results. The red and blue lines indicates that the Rx antenna 
is a single patch or a circular array, respectively. Again, the 
central peak corresponds to the alignment condition. A tilting 
angle of 5° is enough to obtain a drop of about lOdB in the 
power ratio for both lines. A tilting angle of 5° is enough to 
obtain a drop of about lOdB in the power ratio for both lines. 

We can observe existing similarities and some differences 
between the simulated and the measured power ratios. The 
main differences concern the curves slope, especially near 
the peaks and their maximum values. The main differences 
observed between the numerical simulations and the cor¬ 
responding experimental results are due to a non perfect 
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Fig. 13. Experimental setup for the evaluation of the tolerance with respect 
to a angular tilt of the Tx array. Tx array is fixed on a CCR. These two 
devices share the same rotation axis. 
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Fig. 14. Measured and simulated power ratio as function of angularly tilted 
position d y . Blue lines: power ratio between i — 1 and i = 0 transmitted 
modes when received by an t — 1 antenna. Red lines: power ratio between 
i = 0 and l = 1 transmitted modes when received by a i = 0 antenna. 


alignment between the axis of the CCR and the one of 
the Tx array, since it was manually placed. Moreover, the 
mechanical limit of our setup could have caused further small 
misalignment during the measurements. Another contribution 
to the mismatches is given by the non-negligible error on the 
CCR positioning, equal to 0.2° according to technical data 
sheet. As in the previous case, the simulations have been 
performed considering arrays composed by elementary point¬ 
like antennas, fed by loss-less BFN. So, once again, a lower 
power level of experimental curves is observed. 

We can also notice that the peaks of the experimental 
power ratio are in different angular positions. This behavior 
can be attributed to amplitude and phase errors introduced 
by the BFN, as confirmed by simulated curved, obtained by 
introducing small random deviations in the matrices describing 
the BFN behavior. In conclusion, we have shown, both with 
simulations and experimental data, that in a communication 
system based on OAM modes the alignment between Tx and 
Rx antennas is of paramount importance. Moreover, special 
attention has to be paid also to the BFN of Tx and Rx antennas 
in order to avoid unwanted inaccuracies. 


V. OAM COMMUNICATION: AN APPLICATION EXAMPLE 

The results presented in the previous section show how the 
relative position between the Rx and Tx array deeply affect 
the communication efficiency of a Line Of Sight (LOS) OAM- 
based link. In order to fully exploit OAM mode orthogonality, 
the Tx and Rx array planes should be aligned (Fig. |T2| |T4]) and 
at proper distance, such that the Rx array efficiently couples 
to the main lobe (doughnut-shaped) of the emitted radiation. 
Deviations from this optimal configuration, in general, dete¬ 
riorates the communication performances. These geometrical 
constraints limit the feasibility of an OAM-based communica¬ 
tion, since the use of OAM modes restricts the physical space 
suitable for receiving. On the other hand, this characteristic can 
be of special interest for applications in which it is of crucial 
importance that the information exchanged between Tx and 
Rx must not be intercepted by third parties, like the exchange 
of personal data, electronic payments, etc. 

We can compare an OAM-based communication link with 
respect to a standard one, showing that the physical space in 
which one can be intercepted is much smaller by using OAM 
modes. To better explain this concept, we consider an example 
of communication link under the following hypothesis: 

• Tx and Rx antennas are circular arrays comprising 9 patch 
antennas linearly polarized. As described in Section III, 
one patch is equipped for the i = 0 mode and 8 patches, 
placed along a circle, for the i — +1 one; 

• the mutual coupling between patches of the same array 
is neglected; 

• system operative frequency is equal to /o = 5.75GHz; 

• the radius of each array is equal to R = 0.05m; 

• BFNs of both arrays are loss-free and designed to trans¬ 
mit, or receive, three signals associated to the £ = —1, 
7 = 0 and t — +1 OAM modes; 

• the three signals are transmitted with the same power; 

• Tx and Rx arrays are normally faced and aligned at a 
distance d = 0.15m, (note that d is smaller than the arrays 
Fraunhofer length: dp = 2 R 2 /X = 0.87m thus allowing 
OAM channel multiplexing fTTTO . The quantity d has been 
calculated applying the mathematical model described in 
Appendix and imposing, for the three channels, a SNIR 
equal to 25dB; 

• each of the three channels supports a digital modulation 
whose bit error rate is negligible (i.e. below a given 
threshold for which the chosen error-correction code 
practically yields an error-free communication) as long 
as the channel SNIR is larger than 15dB; 

As mentioned in the previous section, a misalignment between 
Tx and Rx antennas causes a degradation of OAM modes 
orthogonality and consequently an enhancement of channels 
cross-talking. To quantify this effect, the mathematical model 
described in the Appendix can be adopted to calculate the 
channels SNIR at different positions of the Rx array, while 
keeping fixed the Tx one. Through numerical simulation it 
is possible to determine the spatial bounds within which the 
three channels can be received without errors. 

The first simulation studies the effects on the SNIR of a 
parallel shift between the Rx array center and the Tx one, 














(similarly to Fig. 


T0j\). Each position of the Rx array is 

and 


identified by two parameters: the lateral displacement d y 
the distance d with respect to the Tx array. Based on the 
results a receiving map can be calculated. As can be observed 
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Fig. 15. Maps of reception zones for multi-channels OAM based commu¬ 
nication system (A), (C) and for single channel traditional ones (B), (D). 
Vertical axis reports the distance between Tx and Rx arrays. Horizontal axis 
indicates lateral shift (A), (B) or angular tilt (C), (D) between Rx and Tx 
array. Red areas indicates physical space where the Rx array receives three 
channels. In yellow and green areas at most two channels can be correctly 
received. 

in Fig. the three channels can be received only in a 

restricted area, identified by red lines, near the alignment 
position. On the contrary, in the yellow zone and in the 
green one, at most two channels can be correctly received. As 
previously suggested, this particular behavior can be exploited 
to enhance the communication security: if the transmitted 
information is split over the three channels, it is more difficult 
for an eavesdropper to catch and reconstruct the whole data 
stream exchanged between Tx and Rx. The only way for an 
eavesdropper to intercept the information is to stay very close 
and almost aligned to the legitimate Rx. 

To better appreciate the security advantage of an OAM-base 
communication system, it is useful to repeat the calculation 
with a different configuration of the communication system. 
In this case, it has the same antenna structure but it is based 
on the transmission of a single channel over a traditional 
£ = 0 mode. The assumptions about channel modulation 
properties are the same. This new configuration allows to 
simulate the behavior of a traditional communication system 
and to compare it with the previous OAM-based one. The 
results obtained from simulations are collected in the map of 
Fig. [T5p. As can be noticed, this second map is composed 
only by two zones since only a single channel is involved 
in the communication process. Moreover, the red zone where 
the information can be received is much larger. By comparing 
the two maps of Fig. |T5] A and B it is clear that the second 


configuration is more vulnerable to eavesdropping because of 
the larger size of the reception area. 

To complete the study, it is interesting to repeat the two 
aforementioned simulations in presence of an angular tilt of 
the Rx array. In particular, each position of the Rx array is 
now identified by a tilt angle a and by the distance d with 
respect to the Tx array, (similarly to Fig.flOft). All the results 
are collected in the maps of Fig. p~5p and Fig. p~5p, for the 
OAM-based system and for the traditional one, respectively. 
As expected, also in this second configuration the OAM based 
system is characterized by a slightly smaller reception area 
respect to the traditional one. In fact, the tilt misalignment 
prevent the Rx array to correctly recognize the transmitted 
OAM modes with a consequent increase of channels cross- 
talking. 

By comparing the results of Fig.[T5]\-B with the ones of Fig. 

-D, it is clear that multi-channel systems can be smartly 
employed to enhance, the security level of traditional commu¬ 
nication systems. To implement such solutions, different set 
of orthogonal radiation modes may be considered. However, 
among all, OAM beams are of particular interest. In fact, 
they are characterized by a regular and symmetric distribution 
of the EM field which can be easily predicted ED in a 
symmetric cylindrical reference system. Moreover, the OAM 
modes are naturally orthogonal but exploiting this property 
in a communication link strongly relies on antenna setup. 
As a consequence, a simple misalignment destroys modes 
Rx orthogonality, thus enhancing channel cross-talking and 
preventing the reception from an unauthorized user. Finally, 
an OAM-based multiplexing system requires fixed antenna 
structures and do not need further digital post processing. For 
these reasons, the use of OAM modes in the near field range 
should not be limited only to the increasing of communication 
capacity □ but it should be taken under consideration also to 
enhance the communication security in a simple and practical 
ways. 


VI. Conclusions 

In this work we have studied and evaluated short range 
LOS communication systems based on OAM-modes multi¬ 
plexing. We designed two circular arrays, composed by patch 
antennas, in order to generate and detect OAM modes with 
£ = —1,0,+1 value, at the frequency of 5.75GHz. A very 
good agreement with theoretical predictions is found. Hence, 
the arrays are employed as Tx and Rx antennas to implement 
a short range radio link based on £ = —1,0,+1 modes. 
Numerical and experimental investigations have shown that 
when TX and RX OAM antennas are aligned channels exhibit 
high reciprocal isolation, thanks to the intrinsic modal orthogo¬ 
nality. This confirms and fosters the idea of OAM as means for 
carrying high-speed information over multi-channel links with 
low-complexity processing l32l . Moreover, based on these 
results, we propose an OAM-based systems to implement 
secure communication links that may prevent the fraudulent 
interception of information by eavesdroppers or third parties. 
The potential of this new application is confirmed also by 
numerical simulations in which the security enhancement of 
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OAM-based systems is clearly underlined. In conclusion, the 
results presented in this work confirm that OAM modes are 
powerful tools not only to improve communication systems 
capacity with low complexity, but also to enhance their secu¬ 
rity down at the physical level, notwithstanding any higher- 
level security protocol (cryptographic keys, authorisation sys¬ 
tems...). 


Appendix 




This appendix describes the mathematical model, based on 
Multiple Input Multiple Output (MIMO) formalism ifTTIl . [ 301, 
used to simulate the behavior of the communication systems 
previously described. 

The mathematical model of a simple MIMO system can be 
expressed by means of linear algebra. Input and output data 
streams are mathematically described with column vectors 
called x and y, respectively. The beam forming networks are 
described by two matrices: P for the Tx array and Q for the 
Rx one. P and Q are also be called precoder and postcoder 
matrices respectively. The communication channel is described 
by a matrix H whose entries characterize the relationship 
between each couple of antennas belonging to the Tx and 
Rx arrays respectively. All these elements are related to each 
other by the equation: 

y = Q t HPx + y n (1) 

where y n is the white noise at the receiver and f stands for 
complex conjugate operator. 

The communication systems examined in this work are com¬ 
posed by circular arrays, in which each data stream is trans¬ 
mitted over a different OAM mode. For this reason, the entries 
of rows and columns of pre- and post-coder matrices are equal 



Fig. 16. A: calculation of the channel matrix H accounting for the antennas 
directivity. B: example of a patch radiation pattern calculated by means of a 
FEM simulation. 


Psiso • Using the model just described it is quite simple to 
determine the MIMO Signal to Noise and Interference Ratio 
(SNIR) of each received data stream. In particular, the SNIR 
normalized with respect to the Signal to Noise Ratio (SNR) 
of a reference SISO link over the same distance and with the 
same power and noise per channel. Within a MIMO system, 
the SNIR of a data stream is defined as: 

SNIRrfB = 10 log 10 (p .+V n ) ( 5 ) 

where Pi is the stream received power while P, and P n are 
the interference and noise powers respectively. Now, letting 
each stream to be transmitted with a power equal to Psiso 
it is possible to express Eq. [5] by means of Eq. [4] It results 
that: P s = 4Psiso, Pi = E :/ y,; ^-Psiso and P n = a 2 J2, < i,% 
where the kij and qij coefficients come from the matrices 
K = QHP and Q. Finally, remembering that for the SISO 
reference link the SNR is equal to SNR = Psiso/it results 
that 


SNIR dB 


10 log 


kl 


io 


SNR 


( 6 ) 


Q y° = TN e * p { +i27rs ii)’ (3) 

where £ and £ are the OAM modes to be transmitted and 
received, respectively; N (M) is the number of transmitting 
(receiving) antennas and n G {0,..., TV — 1}, s G {0,..., M — 
1}. According to our experimental configuration, the £ = 0 
mode is transmitted by a central antenna. Moreover, the model 
has been refined taking into account, within the ray tracing 
method, the directivity of the antennas. In such a way, the 
entries of H have been calculated as: 

h m ,n = \[<PPnJPPne- ikr ™’- ( 4 ) 

47Tr m,n 

where r s?n is the geometric distance between each antenna 
element while weights G^2 and G^ R n are the transmission and 
reception gain respectively, taken from the FEM simulation 
data, see Fig. [16] D is the center-to-center distance between 
the two arrays and has been introduced in order to normalize 
the MIMO free space loss coefficient, L^ MO = 47rr s?n /A, 
with that of a single-input single-output (SISO) system, 
= AttD/X. The SISO transmitted power is equal to 
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